Abstract-Field potentials recorded in the olfactory bulb glomerular layer (GL) are thought to result mainly from activation of mitral and tufted cells. The contribution of juxtaglomerular cells (JG) is unknown. We tested the hypothesis that JG are the main driving force to novel spontaneous glomerular layer field potentials (sGLFPs), which were recorded in rat olfactory bulb slices maintained in an interface chamber. We found that sGLFPs have comparable magnitudes, durations and frequencies both in standard horizontal slices, where all layers with all cell types were present, and in isolated GL slices, where only JG cells were preserved. Hence, the impact of mitral and deep/medium tufted cells to sGLFPs turned out to be minor. Therefore, we propose that the main generators of sGLFPs are JG neurons. We further explored the mechanism of generation of sGLFPs using a neuronal ensemble model comprising all types of cells associated with a single glomerulus. Random orientation and homogenous distribution of dendrites in the glomerular neuropil along with surrounding shell of cell bodies of JG neurons resulted in substantial spatial restriction of the generated field potential. The model predicts that less than 20% of sGLFP can spread from one glomerulus to an adjacent one. The contribution of JG cells to the total field in the center of the glomerulus is estimated as ϳ50% (ϳ34% periglomerular and ϳ16% external tufted cells), whereas deep/medium tufted cells provide ϳ39% and mitral cells only ϳ10%. Occasionally, some sGLFPs recorded in adjacent or remote glomeruli were cross-correlated, suggesting involvement of interglomerular communication in information coding. These results demonstrate a leading role of JG cells in activation of the main olfactory bulb (MOB) functional modules. Finally, we hypothesize that the GL is not a set of independent modules, but it represents a subsystem in the MOB network, which can perform initial processing of odors.
Field potentials recorded in brain tissue are generated by summation of electrical fields' f neuronal dipoles (Lorente de Nó, 1947; Buresh et al., 1962; Hubbard et al., 1969; Guselnikov, 1976; Karnup, 1980 Karnup, , 1982 . Synchronous fluctuations of electrical charges on similarly oriented ends of dipoles, for instance in apical dendrites of pyramidal cells in the hippocampus or neocortex, result in electroencephalographic (EEG) waves. In brain structures, lacking comparable orientation of neuronal dipoles or constructed of quadrupole-like multipolar neurons, a distinctive EEG cannot be recorded (Buresh et al., 1962; Guselnikov, 1976) . In layered structures, such as the hippocampus and neocortex, current source density analysis can determine where the majority of synchronously depolarized neuronal compartments are located (for a review, see Mitzdorf, 1985) . An active zone (in which neurons are depolarized by ionic current influx, hence the extracellular potential is negative) and a passive zone (with a phase reversal of the extracellular field due to the dipolar properties of cells) are referred to as the sink and source, respectively. In such structures, the sink is readily revealed upon orthodromic stimulation resulting in a synchronized excitatory synaptic input (Lambert et al., 1991; Aroniadou and Keller, 1993; Kandel and Buzsaki, 1997) . Similar observations have been made in the main olfactory bulb (MOB) (Aroniadou-Anderjaska et al., 1999) . This structure is stratified and has five main layers (from the surface to depth): olfactory nerve layer (ONL), glomerular layer (GL), external plexiform layer (EPL), mitral cell layer (MCL) and granule cell layer (GCL). The olfactory nerve (ON) establishes synaptic contacts exclusively in the GL, in the neuropil of spherical structures about 100 -120 m in diameter, which are referred to as glomeruli. In rat, each glomerulus in vivo comprises the apical dendritic tufts of 13-25 mitral cells, of about 25-50 medium and deep tufted cells and dendrites of 1500 -2000 juxtaglomerular (JG) cells (Allison, 1953; Meisami and Safari, 1981; Frazier and Brunjes, 1988; Royet et al., 1988; Shipley et al., 1996; Royet et al., 1998) . Cell bodies of JG neurons surround the glomerular neuropil, thus constituting a structural and a functional module (Fig. 1A) . A conspicuous feature of the MOB is that the dendrites of all neurons that have been described so far, possess both postsynaptic and presynaptic loci; therefore, dendrodendritic synaptic interactions provide the majority of interneuronal communications within the bulb (Pinching and Powell, 1971a; Isaacson, 1999; Isaacson and Strowbridge, 1998; Sassoe-Pognetto and Ottesen, 2000; Schoppa and Urban, 2003) . Despite their key position in the pathway of transmission of odor information to the brain, the role of JG cells is poorly understood. JG cells comprise three morphologically different kinds of neurons: periglomerular (PG), external tufted (ET) and short-axon (SA) cells. The primary dendrites of PG and ET cells converge toward the center of the glomerulus, resulting in roughly radial symmetry of the module. In contrast, SA cells do not belong to any particular glomerulus-their dendrites and axons are arbitrary directed and randomly distributed in the extraglomerular space-so they are in position to provide interglomerular interactions (Aungst et al., 2003) . The primary dendrites of each PG, ET, tufted and mitral cell are affiliated with a single glomerulus (with few exceptions; Shipley et al., 1996) . Dendritic arborizations of such a cellular ensemble constitute the glomerular core (neuropil) with an essentially homogenous density (Pinching and Powell, 1971b) . Cell bodies of mitral cells are located in the MCL about 200 -300 m away from their tufts, thus forming large dipole moments. Deep and medium tufted cells have shorter primary dendritic shafts, which are often oriented obliquely in various directions (Macrides and Schneider, 1982) . In contrast, mitral/tufted (M/T) cells have long lateral dendrites in the EPL, extending up to 1 mm (Fig. 1A and Fig. 6 ). Thus, a sub-population of M/T neurons, whose apical dendrites are affiliated with a single glomerulus, creates a very local concentrated sink and a broadly distributed source. When the ON is stimulated a number of glomeruli are simultaneously activated, resulting in a pronounced sink in the GL and a corresponding source in the MCL and the lower EPL (Aroniadou-Anderjaska et al., 1999) . Thus, the current viewpoint is that the sink in the GL is generated primarily by synchronous depolarization of mitral and tufted cell tufts, whereas the impact of JG cells is negligible because they do not have large dipole moments and they are not oriented parallel to each other (Mori, 1987; Shipley et al., 1996) . Hence, their synaptic currents were considered unlikely to contribute significantly to local field potentials (Rall and Shepherd, 1968) .
In the present study, we show that spontaneous field potentials can be recorded without any stimulation in acute MOB slices in normal artificial cerebrospinal fluid (ACSF). Furthermore, spontaneous field potentials of comparable amplitude and duration can also be recorded in slices containing only the GL. Therefore, a substantial part of these field potentials may be generated by the ensemble of JG cells. This hypothesis is further supported by modeling the fields produced by the glomerular module. We assumed that an extracellular field potential in the GL originates from the simultaneous depolarization of the majority of dendrites within the glomerular core. The constructed electrostatic model was based on the basic anatomy of the olfactory bulb, where subsets of mitral, tufted and JG neuron types generated electrical fields in accordance with their known location and morphology. Both experimental and simulated data strongly suggest a preponderant contribution of JG cells to the total glomerular field as compared with mitral and tufted cells.
EXPERIMENTAL PROCEDURES
Sprague-Dawley rats (21-30 days old) of either sex were anesthetized with chloral hydrate and decapitated in accordance with Institutional Animal Care and Use Committee and NIH guidelines. Every effort was made to minimize the number of animals used and their suffering. The olfactory bulbs were removed and immersed in the ice-cold sucrose-containing artificial cerebrospinal fluid (sACSF) sat- urated with 95% O 2 and 5% CO 2 gas mixture (pHϭ7.4). The sACSF had the following composition in mM: 26 NaHCO 3 , 1 NaH 2 PO 4 , 2 KCl, 0.2 CaCl 2 , 5 MgSO 4 , 10 glucose, and 248 sucrose. Slices were cut with a vibratome (OTS-4000, Electron Microscopy Sciences, Hatfield, PA, USA). Three types of slice preparations were used. 1) Control slices are conventional 400 m horizontal slices parallel to the bottom of the MOB (Fig. 1B) . 2) Isolated segments of the GL were excised from a 400-m-or 200-m-thick horizontal slice (Fig. 1C) ; as a variation of the isolated GL in a few horizontal slices a longitudinal cut in the EPL between GL and MCL was made. 3) Tangential 400-m-thick slices made from the medial side of the MOB contained the ONL and the GL (Fig. 1D) . Immediately after preparation, slices were placed for 15-20 min into a beaker containing normal ACSF at 30°C for recovery. The ACSF was equilibrated with 95% O 2 -5% CO 2 and had a composition in mM: 124 NaCl, 26 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1.7 MgSO 4 , and 10 glucose. For field potential recordings, slices were transferred to the interface chamber and left for 1 h for adaptation at 32°C and perfused at a rate of 2 ml/min with normal O 2 /CO 2 -equilibrated ACSF. A flow of the same humidified gas mixture was continuously maintained above the slices. Unless otherwise stated, individual cells from all layers were recorded and filled with biocytin in the whole-cell configuration in the submerged mode under visual control using differential interference contrast (DIC) optics. The interface mode favors the recording of high amplitude evoked and spontaneous field potentials. However, we could conduct whole-cell recordings in the interface chamber only from mitral cells, but did not succeed in blind patching of JG cells, probably because they have small size and are loosely packed. In contrast, whole-cell recordings from JG cells under visual control in the submerged mode were performed routinely, but in this configuration evoked field potentials (eFP) were greatly attenuated (compared with interface mode) and spontaneous field potentials were undetectable.
Pipettes for extracellular and whole-cell microelectrodes were pulled from borosilicate capillaries with an inner filament (1.5 mm o.d., Clark, Kent, UK) on a pipette puller (P-97, Sutter Instrument Company, Novato, CA, USA). The pipettes for field potential recordings had a tip-width of 2 m and they were filled with ACSF, which gave a DC-resistance of 3-5 M⍀ in the bath solution. Field potentials were obtained with DP-301 amplifiers (Warner Instrument Corporation); the bandwidth of amplifiers during the recording was set at 0.1 Hz-1 kHz. EFPs were obtained using GRASS S8800 stimulator (Astro-Med, West Warwick, RI, USA) and a bipolar tungsten electrode (20 m tip diameter). A site of stimulation was located in the ONL 100 -200 m rostrally from a recorded glomerulus. Whole-cell recordings were obtained with an Axopatch 200B amplifier (Axon Instruments) with a low-pass filter set at 2 kHz. The pipettes for whole-cell configuration were filled with the intracellular solution containing (mM): 144 K-gluconate, 2 NaCl, 2 MgCl 2 , 10 Hepes, 0.2 EGTA, 3 Mg 2 -ATP, 0.3 Na 2 -GTP and 0.2% biocytin hydrochloride (270 mOsm, pH 7.3) which gave 5-8 M⍀ DC-resistance in the bath solution.
Data acquisition was performed with DigiData1200 A/D interface and pClamp8 software (both Axon Instruments, Foster City, CA, USA). Data were stored on the hard disk of the computer for off-line analysis.
All drugs were obtained from Tocris Cookson (Ellisville, MO, USA) (AMPA receptor blocker 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX); NMDA receptor blocker D-(Ϫ)-2-amino-5-phosphopentanoic acid (D-AP5); GABA A receptor blocker bicuculline (BIC) methochloride).
Data analysis was performed with the Clampfit-8 (Axon Instruments), Origin-6 (Microcal Software Inc., Northampton, MA, USA) and MiniAnalysis (Synaptosoft Inc., Decatur, GA, USA) software packages. The amplitude of the sGLFP was measured from the onset to the peak; duration at half the amplitude is referred to as sGLFP half-width; rise time was measured from 10% to 90%, and 90% to 10% decay time was extrapolated by one exponential fit. Data, expressed as meanϮS.D., were statistically analyzed with the one-way ANOVA test with the significance level set to Pϭ0.05. Cross-correlation between paired traces of field potentials was calculated with custom-made software over 4 s-long fragments. The calculated cross-correlogram was then normalized by the square root of the product of the autocorrelogram values of the two traces at zero lag time, so the cross-correlation function (CCF) was independent of actual amplitudes in the traces. Then individual CCFs built for a row of successive sweeps were averaged and Ϯ5% confidence level was calculated for averaged cross-correlation function (avgCCF).
Development of biocytin-filled neurons has been described elsewhere (Hayar et al., 2004a,b) and their reconstruction under the light microscope was performed with Neurolucida software (MicroBrightField, Colchester, VT, USA). To estimate how many JG and tufted cells are bound to an average glomerulus, a set of five acute slices was fixed after 1-2 h of incubation, then each slice was cut to 60 m-thick sections and mature neurons were revealed with the antibody NeuN. In a selected segment of the medial blade ( Fig. 8I )(approximately 2/3 of the OB length, similar to that of a dissected segment in Fig. 2B ) all well-stained cells in the GL and EPL were counted; poorly labeled cells were discarded as they could be either cells degrading in the course of incubation or immature neurons developing from progenitors migrating into GL through EPL from the rostral migratory stream. After 3D-reconstruction of the segment, we calculated the numbers of JG and tufted cells per one glomerulus in a given slice, and then we averaged these numbers over all slices.
To reconstruct the spatial distribution of field potentials generated by a unitary structural module, we designed a mathematical model comprising 280 JG (ϭ230 PGϩ50 ET) cells, 50 tufted cells and 10 mitral cells based on counts of NeuN-labeled neurons. The calculations were based on the assumption that during depolarization, the intraglomerular neuropil bears a uniformly distributed extracellular negative charge, whereas the soma along with secondary (in tufted cells) or lateral (in mitral cells) dendrites creates an equal positive extracellular charge. The charges of each cell were then divided by 200 (arbitrary chosen number of a unitary charge fragments) and distributed along corresponding dendrites. Synaptic density and degree of synaptic activation within the neuropil was presumed constant for all cells. Since a JG cell was assumed to have only primary dendrites arborizing in the glomerular core, all the JG cell positive charge was concentrated at the soma. It was also assumed that a mitral, tufted and ET cell has two times more extensive intraglomerular dendritic arbor than that of a PG cell (see Table 2 ). Thus, a negative intraglomerular charge per mitral, tufted or ET cell is twice as big as that of a PG cell; as a consequence, secondary dendrites in a tufted cell and lateral dendrites in a mitral cell and soma in an ET cell bear positive charges twice that of a PG soma. The combined negative charge of intraglomerular dendrites from all neurons was evenly distributed within the neuropil resulting in a localized sink of the module. The combined positive charge of all PG cell bodies was evenly distributed over the glomerular shell. The combined positive charge of ET cells was distributed over the lower hemisphere of the glomerular shell. The combined positive charge of tufted cells was distributed in the upper half of EPL within a slab of 400ϫ400ϫ100 m in (x, y, z) directions, respectively, which gave rise to a tufted cells' scattered source; here we set the upper EPL thickness at 100 m (total EPL thickness is 200 m, z axis), secondary dendrites were randomly oriented within 400 m around the central point and the glomerular sphere was at the center on top of the slab. The combined positive charge of mitral cells was distributed in the analogous slab occupying the lower half of the EPL with the dimensions 1000ϫ1000ϫ100 m and gave rise to mitral cells' scattered source; predominant location of lateral dendrites in the lower EPL was based on anatomical data (Macrides and Schneider, 1982) . The y dimen-sion of M-slab exceeded thickness of the slice (see Fig. 7B ), but this overestimation allowed better assessment of M-cells' impact in the in vivo conditions. The inversion points between negative and positive charges were set on the neuropil/shell border. The electrostatic potential V͑r ជ͒ at the space point r ជ outside the cell behaves according to the Coulomb's law in the dielectric medium with the dielectric constant equal to that of the physiological electrolyte solution: Incremental rise of stimulus intensity from 10 to 100 A (⌬ϭ10 A) was followed by rise in the eFP amplitude and gradual development of a fast initial phase. (D) Averaged eFP in this site (nϭ10, stimulation at 30 A, green line) and an average of 10 sGLFPs exceeding 90% of the largest sGLFP (nϭ10, black line) display identical duration and identical distributions of standard deviations (SD1 (red) for eFP and SD2 (brown) for sGLFP). Scales above are given for averaged eFP with its standard deviation SD1 (left scale) and for averaged sGLFP with its standard deviation SD2 (right scale). Adjustment of the averaged sGLFP peak and maximum of a slow eFP to the same point reveals an identical decay time course and different rise time (D, inset). Note difference in amplitude scaling for sGLFP and eFP. (E) Averaged eFP (nϭ10) with stimulation at 100 A in another slice and (F) averaged sGLFP from the same recording site (nϭ10, Ͼ90% of the maximal amplitude) display similarity in changes upon application of synaptic blockers. NMDA-receptor blocker D-AP5 shortened decay time and GABA A -receptor blocker BIC increased amplitudes in both sGLFP and eFP (slow phase) to a similar extent. (G, H) Overlapping eFP along with fragments of spontaneous field activity in two different slices treated with BIC. Note occlusion of sGLFP by eFP and similar decay kinetics in eFP and the highest sGLFPs.
In Eq.
(1) q i is the electrostatic charge at the point in space r ជ i which is a point on the cell membrane, |r ជϪr ជ i | is the distance from a point r ជ i to a point r ជ in which the potential was measured. The sum runs over all points r ជ i of all neurons present in the model thus collecting the total electrostatic field generated by all neurons at the point r ជ. We calculated all potentials in arbitrary units and then normalized them to a maximum value of the total field potential, i.e. to the total field potential value at the center of the glomerulus. The model field potentials were reported along the line, which connected centers of glomeruli in the GL in the plane parallel to the olfactory bulb layers starting at the center of the glomerulus.
RESULTS

Glomerular field potentials
Extracellular field potential recordings were made in acute slices of the rat MOB. Three types of slices were used: (a) 400 m thick horizontal slices of the MOB, which are referred to as standard or control slices (Fig. 1B) ; (b) isolated GL strips made from the standard slice with a cut at the GL-EPL border (Fig. 1C) ; (c) surface (tangential) slices containing only a flat sheet of the GL and the ONL (Fig. 1D) .
In conventional horizontal slices spontaneous glomerular layer field potentials (sGLFP) represent irregular events (frequencyϭ0.85Ϯ0.06 Hz, range 0.29 -1.65 Hz) of negative polarity ( Fig. 2A, B ). An event was considered a sGLFP if its amplitude exceeded 0.8 mV from its base, the steepest slope of the rising phase was less than 0.03 mV/ms, and its rise time (range 7-250 ms) was shorter than its decay time (range 30 -600 ms). Amplitude of the noise was MϮS.D.ϭ0.0032Ϯ0.0139 mV (range Ϫ0.073-0.162 mV, nϭ33 recording sites). Despite qualitatively distinct appearance, sGLFPs did not fit to a standardized shape even in the same trace and no clusters were observed in individual scatter plots ( Fig. 3A-D) . Scatter plots "HalfWidth vs. Amplitude" and "DecayTime vs. RiseTime" of pooled sGLFPs (nϭ14,933, 33 sites) in 20 control slices, showed no correlation (correlation coefficients were 0.124 and 0.264, respectively) or clustering (not shown). The kinetics of large sGLFPs were strikingly similar to that of eFP produced by stimulation of the ON, suggesting that they may involve a common mechanism. In the case shown in Fig. 2D , the largest (Ͼ90% of maximal amplitude) sGLFPs and eFP evoked by moderate stimulation (up to half maximum) had identical durations, distributions of standard deviations and comparable amplitudes. However, the average sGLFP for this site had a much slower rise time than the average eFP (105 and 9.8 ms, respectively). The rapid rise time of the fast early phase of eFP is due to the synchronizing effect of the ON activation. Thus, all stimulus-synchronized cellular voltage changes, including EPSPs and calcium spikes (McQuiston and Katz, 2001) , may contribute to this population event. The slower kinetics of the late eFP phase and sGLFP were probably due to a gradual engagement of postsynaptic neurons, producing an avalanche of intraglomerular transmitter release. The possibility of a common mechanism generating both the sGLFP and the late phase of eFP is supported by the similarity of sGLFP and eFP decay course, by the occlusion of sGLFPs after eFP (Fig. 2G, H) , and by the reduction of the late eFP when the stimulus was given during largest sGLFP (not shown). When sGLFP was normalized to the maximum of the late eFP phase and their peaks were superimposed (Fig. 2D, inset) , a mono-exponential decay fit in these curves gave values of ϭ173 ms and ϭ192 ms for the averaged sGLFP and eFP, correspondingly. However, pooled over other eight control slices, the decay time constants of large (Ͼ80% of max) sGLFP and eFP were significantly different (PϽ0.05), showing values of GLFP ϭ265Ϯ10 ms (S.D.ϭ150, nϭ222) and FP ϭ233Ϯ9 ms (S.D.ϭ139, nϭ217). This difference may result either from involvement of additional neurons upon stimulation with different intensities or from subsequent recruitment of more neurons during the eFP decay. Blockade of GABA A -R-mediated inhibition by BIC eliminated the difference between GLFP and FP (see below). ON stimulation could elicit eFP of much greater amplitude than that of largest sGLFP at the same site, which is probably due to synchronized activation of many neighboring glomeruli upon electrical stimulation. In the case shown in Fig. 2 , a maximal eFP could reach 4 mV ( Fig. 2C ), whereas the largest sGLFPs at the same site were only ϳ1.8 mV (Fig. 2D , black). On average, the ratio sGLFP max /eFP max in horizontal slices in normal ACSF was 0.27Ϯ0.04 (nϭ16, one recording site per slice).
To test whether the same synaptic receptors are involved in sGLFP and eFP formation, we blocked ionotropic glutamatergic and GABA A receptors. Bath application of synaptic blockers led to similar changes in both sGLFP and slow phase of eFP (Fig. 2E, F) . Blockade of NMDA receptors with 20 M D-AP5 did not substantially change the amplitude of either spontaneous or evoked events but shortened their half-width by 30% and 17%, correspondingly. This indicates that the slow late eFP phase is due to AMPA-R and NMDA-R activation; after NMDA-R blockade, the late phase is apparently generated by multiple AMPA-R-mediated overlapping asynchronous events. This suggests that a common mechanism produces both the late phase of sGLFPs and eFP but not their initiation. Involvement of recurrent inhibition in shaping these events was tested by subsequent application of GABA A receptor antagonist BIC (10 M). When GABA A -Rs were blocked, the amplitude of the late eFP phase as well as that of sGLFP significantly increased (36% and 32%, respectively; PϽ0.05, nϭ5) but the early eFP amplitude was unchanged. After application of BIC, the sGLFP max /eFP max ratio was increased from 0.27Ϯ0.04 (nϭ16) to 0.51Ϯ0.11 (nϭ5). In four slices treated with BIC, the decay time constants of eFP and sGLFP did not differ significantly, showing values of FP ϭ242Ϯ12 ms (S.D.ϭ168, nϭ186) and GLFP ϭ221Ϯ9 (S.D.ϭ110, nϭ144), correspondingly. This indicates that in the absence of inhibition similar neuronal populations are responsible for both evoked and spontaneous field potentials.
Spontaneous GLFPs were not all-or-none events as they varied considerably in amplitude, duration and shape ( Fig. 3E-H ). An averaged sGLFP in control slices (nϭ14933, measured in 33 sites, 20 slices) had an amplitude of 0.29Ϯ0.21 mV (mode 0.146 mV, range 0.05-1.6 mV), duration measured at half-maximal amplitude (half-width) of 139Ϯ82 ms (mode 105.7 ms, range 13-666 ms), 10%-90% rise time of 86.6Ϯ46.4 ms (mode 38 ms, range 10 -446 ms), decay time of 280Ϯ145 ms (mode 106 ms, range 17-510 ms) (see Table 1 , Fig. 3 ) and frequency of 0.85Ϯ0.06 Hz (range 0.29 -1.65 Hz). Measured sGLFP parameters in all individual control recordings did not create clusters (ex. Fig. 3A-D) . Neither individual (Fig. 3A-D) , nor pooled data (nϭ14933, not shown) revealed correlation between the different measured parameters such as "half-width vs. amplitude" and "decay time vs. rise time."
Because of the complex architecture of the MOB, the interpretation of the sGLFPs requires an understanding of the main generators of field fluctuations and spatial extent of the produced fields. The first (commonly accepted) hypothesis tested was whether sGLFPs are produced exclusively by synchronized activity of mitral cells. Three sets of data indicate that, to the contrary, sGLFPs are mainly generated by other cells. First, multiple electrode record- ings did not show any indication of spread of sGLFP into EPL and the sGLFP phase did not reverse in the MCL, lower EPL and even upper EPL (Fig. 4A) . Second, in glomerular strip preparations (Fig. 1C) , sGLFP amplitudes and time course were similar to those recorded in horizontal slices ( Fig. 4C ; Table 1 ). Third, sGLFPs recorded from the GL in surface slices (Fig. 1D) were comparable to those recorded in control slices (Table 1) and sometimes were even greater than average sGLFPs recorded in intact horizontal slices (Fig. 4C, lower trace) . Measurements of sGLFPs in glomerular strips and in surface slices were not significantly different; therefore, these measurements were pooled as those of isolated glomerular layer (IGL). Despite comparable properties of sGFLP in horizontal slices and in IGL, they differed significantly (PϽ0.05; Table 1 ). Thus, experiments in which the GL was surgically isolated from the MCL/EPL resulted in two main findings. First, M/T cells do contribute, but only weakly, to sGLFP generation. Second, mitral and tufted cells are not the only types of neurons responsible for sGLFP generation. This suggests that JG cells are the major contributors to sGLFPs in acute MOB slices.
Next, we investigated whether sGLFPs are produced within an individual glomerulus or whether they represent the summation of fields from neighboring glomeruli, and how far the unitary sGLFP can propagate. Simultaneous recordings with one electrode placed in a glomerulus and another placed at a distance of Ն100 m (in another glomerulus or in the interglomerular space), generally did not show similarity of sGLFP patterns and there was no significant cross-correlation (31 of 36, Fig. 4B ). However, in a few cases the CCF displayed a significant peak with a phase lag, indicating a polysynaptic connection between the two sites (five of 36, PϽ0.05) (Fig. 5A ). In dual (nϭ12) or triple recordings (nϭ8) from adjacent glomeruli (microelectrode distance 80 -120 m), there was a weak or no significant cross-correlation between sGLFPs (Fig. 4B) . Simultaneous recordings from three sites, either in the GL along the line parallel to MOB layers or along an arbitrary straight line in a surface slice, showed no evidence of a propagating excitatory wave. Precisely coinciding events, indicating a spread of the field from the same generator, were observed only when electrodes were separated by less than 50 m (nϭ5, Fig. 5B ). Furthermore, dual recordings from the same glomerulus with inter-electrode distances of 30-40 m inevitably demonstrated almost identical trains of sGLFPs and high correlation (cross-correlation coefficient was in the range 0.54 -0.84, nϭ6, not shown). This suggests that each sGLFP is generated within a single glomerulus and practically does not spread beyond the glomerulus border. This is consistent with the observation that sGLFPs were absent in the EPL just 20 m below the GL (Fig. 4A) .
Morphological substrate of sGLFPs
The spatial distribution of field potentials generated by a unitary structural ("glomerular") module was analyzed using a mathematical model. In this model we used morphometric data obtained from biocytin labeled neurons (Table 2) . Examples of reconstructed cells and a reduced diagram of corresponding current flows are illustrated in Fig. 6 . The (Coskun and Luskin, 2002; Fukushima et al., 2002; Winner et al., 2002) . Second, some EPL cells are local interneurons with short dendrites (Hamilton et al., 2005) , therefore the actual number of tufted cells per glomerulus is likely to be lower than in our count. A glomerulus is known to be innervated in vivo by approximately 25 mitral cells (Allison, 1953; Frazier and Brunjes, 1988) or ϳ13-14 mitral cells (25 M/T cells) (Royet et al., 1998 (Hayar et al., 2004b) . Using cell counts within the focal depth of 30 -70 m the ratio of ET to PG cells was estimated as ϳ0.2. Therefore the 280 JG cells in the model were composed from 230 PG and 50 ET cells. The 50 ET cells were positioned in the deeper hemisphere of the glomerular shell, since earlier we found that they are located predominantly in the lower GL where density of JG cells is higher than in the upper GL (Fig. 6I ) (Hayar et al., 2004a) .
Modeling of sGLFP
A computer model with spatially distributed static charges, was designed to estimate the propagation of the field potential generated by the functional module. The spatial profile of the instantaneous (i.e. static) electric field was assessed in the plane parallel to OB layers. We have to emphasize, that this model is a first approximation and a very simplified estimate of instantaneous voltage field profile at its maximum regardless of its dynamics. Therefore, current flow underlying generation of the field, intraglomerular compartmentalization and intracellular/extracellular conductances were not considered. The model was designed solely to roughly assess the relative contribution of different cell types to the total field and to assess spatial profile of these contributions, but not to describe the process of field generation. The currents-based model would be substantially more complex and is the goal for future developments. Arrowheads designate bigger, presumably primary events; plus stands for presumably secondary events resulting from a field spread; arrows are pointed to slightly delayed sGLFP that could be initiated by primary sGLFP via interglomerular connections. The insets indicate positions of extracellular electrodes, dashed circles designate corresponding glomeruli; avgCCFs indicate passive propagation of the fields without time lags between the sites of recording. Note pronounced ϳ3 Hz patterns of background oscillations in F1 and F2 which also emerged in CCFs.
It was assumed that all elements of a complex module are synchronously activated to a maximum degree. Such activation means depolarization of all dendrites of each cell within the glomerular neuropil. Since JG cells and M/T cells are differently organized within the module, we divided the module into two subunits representing JG and M/T cell populations (Fig. 7A, B) . In the first subunit, JG cells had all depolarized dendrites uniformly distributed in the core of the sphere (sink); cell bodies of PG cells were uniformly distributed around the surface of the sphere and cells bodies of ET cells covered only the deeper half of the sphere (source) (Fig.   7A ). Together, they composed a closed field because outside of the sphere negative and positive charges mostly neutralized each other (Fig. 7C, D) . The spatial profile of the potential generated by a set of tufted cells was lower in maximal amplitude but substantially broader than that of JG cells and somewhat resembled the open field profile (Fig. 7D) . The tufts of tufted cells create a concentrated sink in the glomerular core, which is only slightly neutralized by scattered somata and secondary dendrites. Mitral cells create a similar, although a much weaker field. Comparison of contributions from the three cell types shows an obvious preponderance of JG cells in generating the total field (Fig. 7D) . JG cells account for about 50.5% of the maximum intraglomerular field (34.4% PG cells and 15.7% tufted cells), whereas tufted cells account for ϳ38.8% and mitral cells only for 10.4% of the maximum sGLFP at the center of the glomerulus. At the neuropil/shell border, the field drops to 30% of its magnitude in the center. With the assumption that two adjacent glomeruli are separated by only a monolayer of JG cell bodies (ϳ10 m, although in reality it may be two or three cells thick, Fig. 7I ), one can assess the portion of the field invading the adjacent glomerulus as ϳ20% and ϳ8% of its maximum on the border and in the center, correspondingly (Fig. 7F) . Importantly, the field propagating beyond the glomerulus border is produced by M/T cells, whereas the JG field is completely nullified at this point. Thus, the model predicts that in the intact OB or in the submerged conventional slice where glomeruli have non-skewed spherical shape, field potential deviations of up to ϳ20% of the maximal amplitude can result from passive spread of sGLFP from the neighboring sphere. Our experiments were performed in slices maintained in the interface chamber where all the original ensembles are inevitably flattened. Distortion of the module is likely to cause distortion of its field, for example increasing a component recorded at a distance. To estimate the effect of slice deformation, both subunits of our model were squeezed in a manner as it happens in the interface chamber. A spherical glomerulus was transformed into an ovoid with the same volume ( Fig. 7E ) and both slabs representing distributions of M/T secondary dendrites were squeezed in the same direction as the sphere (not shown), so that in the xz dimensions (plane of the flattened slice) size of all subunits increased whereas they decreased in the y dimension. Calculation of the field propagation after such flattening showed no change in the potential magnitude at the border between glomeruli (Fig. 7F) . Despite shortening the distance from the glomerular center to the periphery, the squeezed field profile along y axis completely neutralized the size change. On the other hand, elongation of the glomerulus in the xz dimensions was accompanied by a field profile extension, which in turn resulted in maintaining the normal potential magnitude at the glomerular border. Beyond the shell, the total field of the whole module remained virtually independent of the glomerular shape.
Receptors involved in sGLFP shaping
It is commonly recognized that field potentials result from synchronization of neurons in local microcircuits. Neuronal synchronization can be mediated by excitatory and inhibitory synaptic transmission. Therefore, we tested how sGLFPs are affected by blockers of synaptic transmission in regular horizontal slices (nϭ5). Bath application of 20 M D-AP5 (NMDA-receptor blocker) did not change sGLFP frequency or amplitude, but shortened the duration of field events (Fig. 8) . The application of 10 M BIC (GABA A -receptor blocker) caused on average a twofold increase in the amplitude of sGLFPs and a more regular occurrence of sGLFPs (Table 3, Figs. 8, 9 ). Finally, 10 M CNQX (AMPA-receptor blocker) completely and reversibly suppressed spontaneous field activity. This finding suggests that spontaneous local population activity is due to AMPA-receptor-mediated excitation within a glomerulus. Although feedforward as well as feedback inhibition can exert a synchronizing effect on the excitatory network, this did not seem to be true for sGLFP generation. GABA Areceptor blockade did not eliminate spontaneous population events. Instead, it led to their facilitation and it increased their regularity. Another function of inhibition is to prevent over-excitation in the network, i.e. to prevent epileptiform activity. In the latter case, disinhibition can cause total mobilization of cells into highly synchronized discharges. Application of 10 M BIC led to a dramatic increase in sGLFP amplitude (from 0.22Ϯ0.14 mV in control to 0.42Ϯ0.3 mV in BIC) and an increase in average duration (width at half amplitude was 141Ϯ91 ms and 169Ϯ96 ms in control and BIC, respectively; n con ϭ3757 and n bic ϭ4227, seven sites in five slices) ( Table 3 ). The frequency of occurrence of sGLFPs was slightly increased (PϽ0.05, nϭ7) from 1.12Ϯ0.12 Hz in control to1.27Ϯ0.08 Hz in BIC. This indicates that feedback inhibition in a glomerulus curtails spread of AMPA-R-mediated excitation, but does not determine its periodicity. Even upon disinhibition, sGLFPs had variable amplitude, which implies involvement of different subsets of neurons in successive events. Simultaneously recorded pairs of sGLFP trains did not show either enhanced synchrony or similarity after GABA A -R blockade (Fig. 9) . Hence, disinhibition in the GL does not lead to involvement of individual modules in global activity, but rather enhances excitatory ensemble features in each of them.
sGLFP-to-long-lasting depolarization (LLD) relation
sGLFPs may represent population events analogous to mitral cell spontaneous long-lasting depolarizations (sLLDs) (Carlson et al., 2000) , which are also AMPA-Rdependent and involve prolonged recurrent excitation of dendrites in the glomerular neuropil. sGLFPs may be produced by excitation of either JG cells or M/T cells or both. Our results indicate that sGLFP generation occurs in the absence of M/T cell somata. However, in the intact system the M/T population may play a leading role and subsequently recruit the JG cells into a common event. To test this hypothesis, we investigated whether sGLFPs were correlated with sLLDs in mitral cells, which are thought to reflect massive synchronous depolarization in the glomerulus. Whole-cell recording from a mitral cell (blind mode, normal ACSF) was performed simultaneously with a field potential from a glomerulus containing the tuft of this mitral cell. Correspondence between intracellular and field recordings was established by the systematic presence of synchronized voltage deflections in both traces and the lack of synchronized sGLFPs in adjacent glomeruli (in each field recording three electrodes were placed in three neighboring glomeruli). In such dual recordings, every sLLD had a concomitant sGLFP (Fig. 10A) . The amplitudes and shapes of these sGLFPs varied substantially, indicating that although a given mitral cell was involved in every event, the constellation of neurons recruited in each sGLFP is variable (Fig. 10B ). Individual sGLFP frequently had shorter rise time, shorter duration, earlier onset, and typically reached the peak earlier than simultaneously recorded sLLDs. With the reference point set at the sLLD onset in three of five dual recordings, the onset of the averaged sGLFP preceded that of sLLD by ϳ10 ms (Fig. 10C) ; in two other dual recordings, the difference in sGLFP and sLLD initiation was not distinctive (not shown). Furthermore, sLLDinduced mitral cell spikes were delayed on average by 50 ms from the sGLFP onset; therefore, spike-dependent glutamate release from mitral cell tuft at best could contribute to sGLFP after it reached 90%-100% of its peak (Fig. 10C) . Spiketriggered averaging of field potentials in two adjacent glomeruli by first spikes of a burst in the mitral cell associated with one of these glomeruli (F2) also showed that firing starts at ϳ90% of sGLFP peak and is delayed by 175 ms relative to a corresponding cross-correlated sGLFP onset (Fig. 10D) . Weaker cross-correlation M-to-F1 was secondary and was likely due to F2-to-F1 interglomerular interaction (see below), which occurred with ϳ50 ms time lag (Fig. 10D) . This finding implies that M/T cells are not necessarily initiators of a population event, but on the contrary they may be either followers or equal participants of an event. Thus, the relationship between sLLDs and sGLFPs is in agreement with the notion of self-sufficiency of the JG ensemble in producing sGLFPs. Fig. 9 . sGLFPs in a dual recording show no synchrony either before (A) or after (B) BIC application. Insets show location of the recording sites (distance ϳ400 m with three glomeruli in between) and the averaged cross-correlograms for control conditions (left, nϭ29) and upon disinhibition (right, nϭ30) . A fragment of (B) marked by a horizontal bar is expanded in C. Note no change in cross-correlation despite a significant increase of sGLFP amplitude upon blockade of inhibition.
Interglomerular communications
In accordance with conventional thinking that the glomeruli are functionally isolated units, one would expect total lack of correlation between sweeps recorded at distant sites. However, the recently discovered dense ramification of strikingly long axons of "SA" cells (extending for more than 1 mm away from the soma) suggests the possibility of cross-talk among remote glomeruli (Aungst et al., 2003) . Indeed, cross-correlation analysis of spontaneous field potentials from remotely-separated sites in the GL of a control slice occasionally indicated functional links. In paired traces (nϭ16, control slices) recorded from points separated by one or more glomeruli, some CCF over successive 4 s sweeps displayed positive peaks around zero lag time (Fig. 11A) . In these cases, both traces frequently had prominent concomitant sGLFPs. Detailed analysis of individual pairs of such concomitant sGLFPs showed different onset times and kinetic properties of events that were apparently synchronous, thus ruling out passive field propagation. For six of 16 paired traces, avgCCF (over nϭ50 sweeps) revealed statistically significant correlation with a peak located near zero lag time (Fig. 11B, Fig. 12K, L, N, O) . This cross-correlation between two trains was eliminated by shuffling of the original recorded 4 s fragments in pairs. (F1 and F2, distance 100 m) . (E) Spike-triggered averaged waveform (STavg, nϭ50) obtained from this triple recording. Spikes of mitral cell that were preceded by 1 s silence period were put at tϭ0 and concomitant waves at F1 and F2 sites were averaged. Note that in mitral cell first spike of a cluster occurs 175 ms after sGLFP initiation in F2 when STavgF2 reached 87% of its maximum; cross-correlation of mitral cell spike clusters with sGLFP in F1 is weaker, and STavgF1 is delayed for 100 ms relative to STavgF2. Therefore, significant peaks in CCFs imply randomly occurring functional links. In the other 10 pairs, deviations of CCFs did not exceed confidence levels (Fig. 12A-J) . In a few CCFs (Fig. 12D, H, I , K, M), there was a small but sharp peak riding on a slow wave, which may indicate a portion of precisely synchronized PSPs resulting from spontaneous common inputs. Such a cluster of synchronous PSPs is also known as an "EEG quantum" (Groudis et al., 1972; Karnup, 1980 Karnup, , 1982 , which emerges from the surrounding waveform when other field components are more loosely synchronized. In the pair of neurons (isolated GL stripe) depicted in Fig. 11C , the coefficient of crosscorrelation upon BIC application increased from 0.068 to 0.115 (both values are significant, PϽ0.05) with the peak shift (⌬ϭϪ23 ms) unchanged. Since the magnitude of cross-correlation does not depend on the amplitude of oscillations, but only on the degree of their coincidence, this suggests that the elements providing interglomerular links (presumably SA cells) can be functionally active even in control conditions. Disinhibition results in either involvement of some additional elements or facilitation of their targets. We failed to obtain significant cross-correlation between sites separated by three or more glomeruli.
DISCUSSION
In this study, we have described for the first time field potentials that are generated spontaneously in the GL in olfactory bulb slices. These sGLFPs had variable shape and amplitude, and occurred at irregular intervals. They were mediated mostly by AMPA/kainate receptors and were enhanced during blockade of GABA A receptors. They persisted after removal of the MCL indicating that they were predominantly generated by GL neurons. Nevertheless, they were correlated with mitral cell postsynaptic LLDs, suggesting the existence of a common generator. We developed a mathematical model consistent with our hypothesis that sGLFPs are generated mainly by JG cells. In the past decade, significant achievements have been made in understanding odor coding in the olfactory system. This is mostly due to the discovery of the spatial aspect of odor presentation, where different odors activated different combinations of glomeruli in the MOB (Johnson and Leon, 2000a,b; Linster et al., 2001; Luo and Katz, 2001; Mori, 2003; Wachowiak and Cohen, 2001) . In contrast, the temporal aspect of odor coding is still poorly understood. Field potential oscillations occur in the MOB in vivo during odor presentation (Chapman et al., 1998; Fletcher et al., 2005; Kay, 2003 Kay, , 2005 Kashiwadani et al., 1999; Ketchum and Haberly, 1993; Lam et al., 2000; Laurent et al., 1996; Neville and Haberly, 2003; Ravel et al., 2003) . The dynamics of a neuronal network response to an odor is mainly associated with the delta or theta rhythms and can be either the result of ongoing computation or it can represent a sequence of activity patterns (Friedrich, 2002; Laurent, 1999 Laurent, , 2002 Spors and Grinvald, 2002) . For instance, rhythmic excitation of mitral cells was found to be coupled to the breathing cycle (theta range) during odor presentation in rodents (Macrides and Chorover, 1972; Margrie and Schaefer, 2003; Cang and Isaacson, 2003) . Mechanisms, that underlie temporal dynamics of population activity in the MOB, have been also studied in vitro. Dendro-dendritic interactions between mitral and granule cells in the EPL were proposed to produce slow waves of excitation in the MOB (Isaacson and Strowbridge, 1998; Schoppa et al., 1998) . Recently, ␤-␥ transient fast network oscillations were found to depend on both chemical and electrical synaptic transmission in mitral/granule cells (Friedman and Strowbridge, 2003; Lagier et al., 2004) .
A surprising lack of published observations on spontaneous field potentials in the GL in vitro is due to several reasons. First, most previous studies were performed in submerged slices, where eFP were relatively small compared with those recorded in the interface mode, and spontaneous events apparently were not detectable. Second, experiments in slices in the interface mode were mostly focused on evoked activity, and all inter-stimulus events were neglected. It is important to note, that Leveteau and MacLeod (1966) were the first who described odor-evoked field potentials in the GL in vivo and they suggested that these potentials originate in individual glomeruli. This observation allowed them to introduce the notion of a "glomerular unit."
Field potentials recorded in the GL were thought to be produced by the activity of many glomeruli with large dipole-like M/T cells as main contributors. This point of view was developed for layered structures based on data from evoked responses. However, we provide here evidence that in a spherical glomerular module spontaneously synchronized neurons can generate pronounced but sharply confined local field potentials. The first indication for a lack of significant contribution from adjacent glomeruli to sGLFPs is that in disinhibited slices sGLFPs were reg- ular, although of variable amplitude. If waves from adjacent glomeruli were detectable, a complex pattern of events would have been observed unless all glomeruli were synchronized. However, disinhibition increased the amplitude and the regularity of sGLFPs, but did not increase the complexity of a sGLFP train. Moreover, sGLFPs in adjacent glomeruli (distance ϳ100 m) often were not correlated.
To investigate the mechanism of sGLFP generation with computer simulation, we introduced two superimposed partial modules: one sub-module constructed from only mitral cells, medium-tufted and deep-tufted cells (Fig. 1A , glomerulus in the center), and another sub-module composed exclusively from JG cells (Fig. 1A, glomerulus on the left) . In the first case, M/T somata as well as lateral dendrites of mitral cells and secondary dendrites of tufted cells are distributed in a broad area where dendrites extend up to 1-2 mm in the EPL (Macrides and Schneider, 1982; Shipley et al., 1996) . Excitatory neurons (i.e. M/T cells) do not establish conventional synaptic contacts with each other, but they can interact in the MOB via glutamate spillover both in the glomerular core and in the EPL (Price and Powell, 1970; Pinching and Powell, 1971b; Isaacson, 1999; Friedman and Strowbridge, 2000) . Gap-junctions among intraglomerular M/T cell dendrites can also serve as a synchronizing mechanism for elements of the module (Kosaka and Kosaka, 2004; Lowe, 2003; Migliore et al., 2005) . Furthermore, within a glomerulus ET cells are synchronized by multiple mechanisms including glutamate release from ON, glutamate spillover among dendrites, feedback inhibition and gap junctions . Thus, in this sub-module with spillover-and gap-junction-mediated intraglomerular recurrent excitation, one pole is located within a sphere of ϳ100 m in diameter (recordable sink), whereas another pole (scattered source) is not well-defined and apparently cannot show a phase reversal. The fact that upon ON stimulation one can observe a depth profile of evoked potentials in the MOB as well as reversal of the glomerular sink to the corresponding source in the EPL and MCL (Aroniadou-Anderjaska et al., 1997 , can be explained by concomitant excitation of a number of modules resulting in activation of aligned sinks in the GL and occurrence of a parallel layer of sources in the MCL/ low EPL.
In the other sub-module, all synchronously depolarized dendrites are located in the core of the glomerular neuropil and all the cell bodies surround the glomerulus. At first glance, JG cells cannot generate recordable field potentials as they are very short and lack parallel orientation. However, based on the notion of the closed field that is created by simultaneous depolarization of radially-oriented dendrites in a nuclear structure (Lorente de Nó, 1947) , JG cells are perfectly suited to produce a closed field. Our second sub-module is an ideal nucleus-like structure; hence, we should expect a recordable field potential in its core. Even at a small distance from this sub-module, negative (core) and positive (shell) charges would be neutralized and a field potential would be undetectable. In a real system, both types of sub-modules are superimposed; therefore, the combined field potential has features of both.
If the above assumptions are correct, then (a) sGLFPs should be present in an isolated GL and (b) a fraction of sGLFPs can spread beyond glomerular outline in control slices. The first implication of this proposed mechanism was supported by our experimental results. To test the second implication and estimate the impact of different cell types on the total field potential generated in a single glomerulus, we used a computer modeling approach. The suggested static model is the first approximation to uncover the components of sGLFPs. Therefore, it gives only a rough estimate of sGLFP structure and it does not simulate the dynamic development of field potentials. However, it gives a snapshot of contributing components at the peak of intraglomerular excitation, thus providing valuable information about glomerular electrogenesis.
The electrostatic model for distribution of field potentials, generated by many neuronal elements united via a common glomerulus, confirms the above hypothesis and uncovers the field profile of sGLFP. First, the model shows that JG cells alone are capable of generating a substantial population event. Second, due to neutralization of opposite charges outside of the glomerulus, the total JG impact is expressed predominantly within the glomerular core. Third, mitral cells contribute only a small fraction to the spontaneous field events (ϳ10%). Fourth, since the extraglomerular potential can be up to 20% of the neuropil potential, it is possible that sGLFPs of small amplitude may be produced by an adjacent glomerulus.
Until recently, there was no evidence that olfactory glomeruli communicate at long distances. However, we recently found that short axon cells, unlike what their name implies, had in fact long axons (Ͼ1 mm) innervating the GL (Aungst et al., 2003) . These cells appeared to be glutamatergic because in a tangential slice, electrical stimulation of these neurons evoked excitatory responses that propagate up to 10 glomerular distances. However, SA cells might not be spontaneously active in slices and this could explain the lack of cross-correlated sGLFPs at distances longer than 200 -300 m. Similarly, there was occasional cross-correlation between spontaneous membrane potential oscillations in mitral cells with tufts in adjacent glomeruli and complete lack of synchrony at greater interglomerular distances (Schoppa and Westbrook, 2001) .
The novel sGLFPs are analogous to events observed in mitral cells during whole-cell recordings. Upon GABA A receptor blockade or NMDA bath application, mitral cells are capable of producing sLLD (up to 1 s in duration) of the membrane potential (Carlson et al., 2000; Schoppa and Westbrook, 2001) . LLD corresponds to recurrent dendrodendritic excitatory interactions among neurons affiliated with the same glomerulus. It is possible that synchronous LLDs in a group of cells with tightly interweaving dendrites might give rise to a population event recordable as a field potential. In the absence of inhibition, the majority of M/T and JG neurons contribute to a field event giving rise to a sGLFP of maximum amplitude. However, sLLDs in the same cell have variable amplitude (Fig. 10 in Carlson et al., 2000; Fig. 2 in Schoppa and Westbrook, 2001) , which implies that the number of neurons contributing to sLLD is variable. This is in agreement with our finding that even in disinhibited slices sGLFPs had variable amplitude. Our finding that evoked saturated field potential is typically greater than sGLFP even after BIC application, also supports the notion that not all neurons of the ensemble participate in sGLFPs, maintaining background level of synchrony within the module. The observation that sGLFP precedes sLLD in mitral cells suggests that mitral cells are followers rather than initiators of population events. The most likely scenario is that mitral cells are activated when a critical number of glutamate-releasing neurons are already active. Such a triggering mechanism may be produced by synchronized spontaneously bursting ET cells of the same glomerulus (Hayar et al., 2004a,b) .
The number of dendrites of JG cells significantly exceeds those of M/T cells in a glomerulus. Indeed, it was estimated that in a slice ϳ10 mitral cells, 50 tufted and 280 (ϭ230 PGϩ50 ET) JG cells have their dendrites in each glomerulus. Thus, one can assess the M/T-to-JG ratio as 1/4.6 and a ratio of their tufts as ϳ1/2.75, which implies a greater impact of JG cells (73%) as compared with M/T cells (ϳ27%) to sGLFP solely on the basis of morphology. Our model has assessed the JG and M/T contribution as ϳ1:1 (34.4% PGϩ15.7% ETϭϳ50% JG and 38.8% tuftedϩ10.4% mitralϭϳ50% M/Tϭϳ50% of the maximum field value correspondingly). The lower actual impact of JG cells is due to partial neutralization of their negative charges in the neuropil by surrounding positive charges (Fig. 7C) . Nevertheless, the impact of JG cells to the total intraglomerular field is substantial. Finally, in control slices the frequency of sGLFP did not differ significantly from that in the isolated GL, indicating that the GL contains all the basic elements necessary to produce spontaneous population events. This hypothesis is also supported by the ability of ET and PG cells to generate calcium spikes, which provides more prolonged and powerful chargetransfer than a burst of fast sodium spikes (Hayar et al., 2004a; Murphy et al., 2005; McQuiston and Katz, 2001) . Therefore, based on our experimental and theoretical results, we can conclude that M/T cells are not required for the glomerular field potential to be initiated. In contrast, JG cells seem to constitute the decisive elements of the functional module.
Resolving the mechanism of intraglomerular electrogenesis and interglomerular communication will enhance our understanding of the functional organization of the neuronal ensembles of the OB and may provide a useful tool to study odor information processing in the olfactory bulb. sGLFPs may play a significant role in temporal coding as a substrate for synchronization among modules upon odor presentation. In addition, they can provide some background level of excitation for the neuronal population of the olfactory bulb. Based on the above and previous results (Aungst et al., 2003; Hayar et al., 2004a,b) , we hypothesize that the GL represents a subsystem of interconnected modules that can serve as a band-pass odor intensity discriminator. In this case, sGLFPs continuously create spatially-distributed "white noise" in the glomerular map preventing detection of weak odors. Moreover, high odor intensity can strongly excite a corresponding glomerulus and then result in widespread lateral interglomerular inhibition mediated by SA cells (Aungst et al., 2003) , which eliminates perception of all other odors but the prevailing one. At intermediate odor intensities, different patterns of activated glomeruli can emerge from noisy sGLFP background without being suppressed by lateral inhibition. This allows discrimination of fine aromas or odor blends. The fact that activation of output neurons is delayed (ϳ50 -170 ms) relative to intraglomerular activation and that interglomerular communication occurs in a shorter time window (tens of ms), indicates that output neurons are recruited for information processing after an initial processing within the GL. This supports the hypothesis that the GL is critical for initial odor analysis.
